We report the discovery of three toxicologically relevant methylated phenylarsenical metabolites in the liver of chickens fed 3-nitro-4-hydroxyphenylarsonic acid (ROX), af eed additive in poultry production that is still in use in several countries.Methyl-3-nitro-4-hydroxyphenylarsonic acid (methyl-ROX), methyl-3-amino-4-hydroxyphenylarsonic acid (methyl-3-AHPAA), and methyl-3-acetamido-4-hydroxyphenylarsonic acid (or methyl-N-acetyl-ROX,methyl-N-AHPAA) were identified in such chicken livers,and the concentration of methyl-ROXw as as high as 90 mgkg À1 ,e ven after af ive-day clearance period. The formation of these newly discovered methylated metabolites from reactions involving trivalent phenylarsonous acid substrates,S -adenosylmethionine,a nd the arsenic (+ 3o xidation state) methyltransferase enzyme As3MT suggests that these compounds are formed by addition of amethyl group to atrivalent phenylarsenical substrate in an enzymatic process.T he IC 50 values of the trivalent phenylarsenical compounds were 300-30 000 times lower than those of the pentavalent phenylarsenicals.
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Arsenic consistently ranks first on the priority list of environmental contaminants because of the occurance,p ersistence,a nd toxicity of various arsenic compounds.C hronic exposure to high concentrations of arsenic puts more than 100 million people around the world at risk of developing cancer and other adverse health effects.
[1] Theg eneral population is exposed to arsenic mainly through ingestion of water and food. Thep ractice of feeding 3-nitro-4-hydroxyphenylarsonic acid (roxarsone,R OX;s ee the Supporting Information, Figure S1 for its structure) to poultry and swine lasted for more than 60 years [2] before the European Union and the United States stopped its use.M any other countries continue to use phenylarsenicals in the poultry industry. [3] Ingestion of such poultry meat and meat products results in exposure to residual arsenic.However,itremains unclear how ROXm ay be metabolized and potentially produce new arsenic species of toxicological significance.
To gain an understanding of the possible metabolism of ROX, we have conducted ac ontrolled feeding study that involved 1600 chickens of two common commercial strains. Thec hickens were given either as tandard control feed or aR OX-supplemented feed. Chicken liver samples were collected for characterization of arsenic species.W ep reviously identified eight arsenic species in chicken liver,b reast meat, and waste. [4] However,s everal arsenic-containing species were not identified, and their chemical nature remained unknown. We herein report the discovery of three methylated phenylarsenical metabolites of ROXi nc hicken livers and show the toxicological implications of these new arsenic metabolites because of the involvement of possible enzymatic methylation processes in the formation of these metabolites.Using chromatographic separation coupled with both elemental and molecular mass spectrometry techniques, [5] we identified ag roup of new arsenic metabolites, namely methylated 3-nitro-4-hydroxyphenylarsonic acid (methyl-ROX), 3-amino-4-hydroxyphenylarsonic acid (methyl-3-AHPAA), and 3-acetamido-4-hydroxyphenylarsonic acid (methyl-N-AHPAA;s ee Figure S1 ), in liver samples of chickens that had been fed ROX. We further demonstrated the involvement of an arsenic methyltransferase (As3MT) in the methylation of the trivalent substrates ROX III and 3-AHPAA III to the corresponding methylated products of these phenylarsenicals.T hese intermediate trivalent arsenicals and methyl-ROX III are much more cytotoxic than their pentavalent counterparts,w ith IC 50 values in T24 cells that are lower by factors of 300-30 000. Therefore,t he detection of these methylation metabolites and the implications of the trivalent intermediates are toxicologically significant in relation to human exposure to arsenic.
We first used HPLC and inductively coupled plasma mass spectrometry (ICP-MS) to identify arsenic species in the extracts of liver samples from chickens fed either ac ontrol diet or aROX-supplemented diet. Representative chromatograms in Figure 1show that ROX( Figure 1a )ispresent in the ROX-fed chicken ( Figure 1c )a nd not in the control chicken ( Figure 1b) . Because of the selective ion monitoring of m/z 75 (As + ), the HPLC-ICP-MS analyses revealed the presence of eleven arsenic species in the ROX-fed chicken ( Figure 1c ) and traces of five arsenic species in the control chicken ( Figure 1b) . We then separately added ak nown amount of arsenobetaine (AsB), arsenite (As (DMA), monomethylarsonic acid (MMA), arsenate (As V ), 3-AHPAA, N-AHPAA, and ROXtoa liquots of the chicken liver sample.R epeated HPLC-ICP-MS analyses of these spiked samples showed that the chromatographic retention times of these arsenic species match with eight of the eleven arsenic species detected in the chicken liver sample.T hese results,w hich are in agreement with previous reports, [4a,6] indicate the presence of 3-AHPAA, N-AHPAA, and ROXinR OX-fed chicken liver,ina ddition to the five arsenic species (AsB,As III ,DMA, MMA, and As V ) that are commonly present as background in both control and ROX-fed chicken liver samples.However, the retention times of three arsenic species (peaks 5, 8, and 10) did not match those of any available arsenic standards.T hese new arsenic species have thus not been reported previously.Therefore,we subsequently focused on characterizing these new arsenic metabolites arising from ROX.
To identify these new metabolites of unknown nature without standards,w ed eveloped as trategy that complemented HPLC-ICP-MS with as eries of electrospray ionization mass spectrometry (ESI-MS) measurements ( Figure S2 and Section S6). This approach made use of the characteristic fragment ion information of the known arsenic compounds (Table S1 ) to build aprecursor ion scan method in the HPLC-ESI-MS analysis of the sample.P arallel HPLC-ICP-MS analysis of the same sample ( Figure S3 A) provided the retention time of the arsenic-containing peak. This approach allowed us to tentatively identify peak 10 in the HPLC-ICP-MS and HPLC-ESI-MS chromatograms as methyl-ROX.The arsenic-containing precursor ion at m/z 260 from the detection of peak 10 showed characteristic arsenic-containing fragment ions at m/z 91 (AsO (Table S2) .
We then synthesized methyl-ROX (procedures shown in Section S7 and characterization shown in Figure S4 and Figure 1 . Chromatograms from HPLC-ICP-MS analyses of ROX and chicken liver samples from aROX-fed chicken and acontrol chicken. a) ROX standard. b) Aliver sample from acontrol chicken fed the basal diet. c) Al iver sample from achicken fed the ROX-containing diet. d-k) Analysis of the same chicken liver sample after replicate aliquots were separately spiked with AsB (d, peak 1), As III (e, peak 2), DMA (f, peak 3), MMA (g, peak 4), As V (h, peak 6), 3-AHPAA (i, peak 7), N-AHPAA (j, peak 9), and ROX (k, peak 11). Peaks 5, 8, and 10 did not correspond to any available arsenic standards. Table S3 ) and used it to further confirm the detection of this compound in chicken liver.W ecombined HPLC separation with simultaneous detection by ICP-MS and ESI-MS (Figure 3A) . Using this technique,w ea nalyzed an extract of chicken liver as well as the same extract spiked with the synthesized methyl-ROX species.T he element-specific ICP-MS detection of 75 As revealed the presence of eleven arseniccontaining compounds ( Figure 3B ). Analysis of the extract supplemented with the synthesized methyl-ROX shows an increase in peak 10, supporting that peak 10 is methyl-ROX. Thesimultaneous detection by ESI-MS ( Figure 3C )revealed ac onsistent increase of both characteristic ion transitions (260/138 and 260/107;T able S4) in multiple reaction monitoring (MRM) mode.T his peak has the same retention time as peak 10 detected with ICP-MS ( Figure 3B ), further confirming the identity of peak 10 as methyl-ROX, am ethylation metabolite of ROX.
Using the same strategy ( Figure S2 ) and the complementary techniques,wealso identified the other two new arsenic compounds as methyl-3-AHPAA (Figures S5-S8 and  Tables S5 and S6 ) and methyl-N-AHPAA (Figures S9 and  S10 and Table S7 ). Thus the three identified arsenic metabolites are ag roup of methylated analogues of ROX, 3-AHPAA, and N-AHPAA.
Having discovered the three new methylation metabolites of phenylarsenicals,w ef urther investigated how these phenylarsenicals are methylated. Methylation of inorganic arsenic is known to involve arsenic (+ 3o xidation state) methyltransferase (As3MT), which catalyzes the addition of am ethyl group from S-adenosylmethionine (SAM, as the methyl donor) to trivalent arsenicals. [7] As3MT has been shown to be responsible for the methylation of inorganic arsenic to methylarsenicals in experimental rats,m ice,a nd algae. [8] There is no report on the methylation of phenylarsenicals.
To test whether as imilar pathway as for the methylation of inorganic arsenic can take place for the methylation of phenylarsenicals,w ef irst incubated the trivalent phenylarsenicals as substrates with the As3MT enzyme and the methyl donor SAM, and monitored the formation of the methylated phenylarsenicals.F igure 4shows experiments for testing the methylation of trivalent ROX III to methyl-ROX ( Figure 4A )a nd representative chromatograms from analyses of the treated reaction mixture at the beginning of the reaction and after 6h ( Figure 4B ). Note that while the reaction used trivalent ROX III as the substrate (Figure 4A ), the chromatographic analysis involved pretreatment of the sample aliquots with 0.1 %h ydrogen peroxide.T hus the trivalent ROX III was oxidized to the pentavalent ROXp rior to analysis,a nd the peak of ROXi nt he chromatograms ( Figure 4B )r epresents the trivalent ROX III in the reaction mixture.H PLC analysis with both ICP-MS detection (Figure S11 A) and ESI-MS detection (Figure S11 B) showed the formation of methyl-ROX and its increasing amount over the 6hperiod of reaction. Theamount of methyl-ROX accounts for approximately 36 %o fthet otal arsenic in the reaction mixture ( Figure 4C ). Our positive control using MMA III as aknown substrate of As3MT [9] provided the expected results. Approximately 50 %o fM MA III was methylated to dimethylarsinic acid (DMA V )i n3h( Figure S12 ), which is consistent with previous results. [10] Similarly,t he incubation of the trivalent 3-AHPAA III substrate with the As3MT enzyme and the SAM methyl donor resulted in the formation of methyl-3-AHPAA (Figure S13) . Both HPLC-ICP-MS and HPLC-ESI-MS measurements showed increasing amounts of methyl-3-AHPAA with increasing enzymatic reaction times from 0to6h. More than 50 %o ft he substrate 3-AHPAA III had been converted into methyl-3-AHPAA after 6hof the enzymatic reaction.
We further tested whether the pentavalent phenylarsenicals ROXa nd 3-AHPAA could serve as substrates for the As3MT-catalyzed methylation reaction. No methyl-ROX or methyl-3-AHPAA was detectable.Only when we added high concentrations of reducing agents,such as 10 mm glutathione (GSH) and 1mm tris(2-carboxyethyl)phosphine (TCEP), could we observe traces of methyl-ROX ( Figure S14 A) and methyl-3-AHPAA (Figure S14 B) . These results suggest that reduction of the pentavalent phenylarsenicals to the trivalent phenylarsenical intermediates is required, which in turn serve as the substrates for their enzymatic methylation. Thefinding that pentavalent arsenicals are reduced to the trivalent arsenicals followed by enzymatic methylation is consistent with the classic pathway for the biomethylation of inorganic arsenicals. [10] Thei mplication that trivalent phenylarsenical intermediates are formed during the methylation process is toxicologically significant. Previous studies of other trivalent arsenicals have consistently shown that their toxicity is higher than that of the pentavalent arsenicals.
[12] Our toxicological tests with T24 human bladder carcinoma cells showed that the 24 hIC 50 values for the trivalent ROX III ,m ethyl-ROX III ,a nd 3-AHPAA III species were 0.2 mm,0 .4 mm,a nd 22 mm,r espectively,whereas the IC 50 values for the respective pentavalent ROX, methyl-ROX, and 3-AHPAA compounds were 5700 mm,4 700 mm,a nd 680 mm (Table S8) . Thus the trivalent ROX III ,m ethyl-ROX III ,a nd 3-AHPAA III compounds are approximately 300-30 000 times more cytotoxic than the pentavalent arsenic compounds ROX, methyl-ROX, and 3-AHPAA. This finding agrees with previous studies,w hich consistently reported higher toxicities for trivalent than for pentavalent methylarsenicals. [12] Chicken is the most consumed meat among all meat types in North America on aper capita basis, [13] averaging 80 gper day.A lthough the European Union and the United States have discontinued the use of ROXi nt he poultry industry, many other countries continue to use ROX. Our analyses of liver samples from eight chickens fed ROX-supplemented food for 28 days showed 73 AE 24 mgkg À1 methyl-ROX, 387 AE 92 mgkg À1 methyl-3-AHPAA, and 32 AE 4 mgkg À1 methyl-N-AHPAA (Table S9 ). Compared to the eight previously characterized arsenic species,t he three methylated phenylarsenicals accounted for 42 %o ft he total arsenic in these chicken liver samples.T he standard practice in poultry industry requires af ive-day clearance period after feeding ROXtochickens.W ehave determined the concentrations of arsenic species in liver samples collected from chickens (n = 8) five days after cessation of feeding ROX. Thec oncentrations of the three methylated phenylarsenical metabolites were 92 AE 23 mgkg À1 ,2 9 AE 8 mgkg À1 ,a nd 11 AE 5 mgkg À1 ,f or methyl-ROX,m ethyl-3-AHPAA, and methyl-N-AHPAA, respectively.T hese residual arsenic species in chicken liver are relevant to human exposure if chicken livers are consumed. In addition, the differences in toxicity among the ROXmetabolites make the assessment of human exposure to phenylarsenicals important. 
